Abstract-Only a fraction of all sediment-associated hydrophobic organic contaminants are bioavailable, and a simple Tenax@ extraction procedure may estimate this fraction. Bioavailability is assumed to coincide with the rapidly and, possibly, slowly desorbing sediment-associated contaminant. River sediment was spiked with radiolabeled (I4C) and nonradiolabeled ('2C) 3,4,3',4'-tetrachlorobiphenyl (TCBP), and desorption kinetics using Tenax extraction were obtained at 10°C and 22°C. Bioaccumulation was measured in Lumbriculus variegatus, Chironomus tentans, and Hyalella azteca. Desorption of TCBP was triphasic at 22°C and slowed at 10°C to show only biphasic kinetics. The rapidly desorbing fractions decreased with increasing TCBP sediment concentration. The biota sediment accumulation factors, biota accumulation factors, and sediment clearance coefficients (k,) also decreased with increasing sediment TCBP concentration. The rapidly plus slowly desorbing fractions and the total TCBP desorbed when 99.9% of the rapidly desorbing fraction had desorbed were used to estimate bioavailable TCBP. These Tenax-based fractions did not explain the decreasing bioavailability with increasing TCBP load. Several factors, such as animal behavior and TCBP water solubility limitations, were evaluated to explain the concentration effect, but the most likely cause was severe diffusion limitations in whole sediment that were not predicted by the fully mixed Tenax extraction. Therefore, desorbing fractions determined by Tenax extraction overestimated the bioavailable fractions in sediments.
INTRODUCTION
Assessment of the bioavailability of sediment-associated contaminants is an integral part of sediment quality criteria guidelines and can dictate site risk assessment and possible remedial actions. However, risk assessment of sediment-associated contaminants has proven to be a difficult task [I] , in part because of the unpredictable variability in bioavailability estimates over a wide range of species and sediments [2, 3] . Reliable assessments require a good understanding of the processes governing bioaccumulation from sediments. Recent research has identified the important role of sorptive processes in bioavailability [4] , which confirms previous modeling exercises identifying the importance of desorption [5] .
It is commonly accepted that bioaccumulation of nonionic organics occurs through passive diffusion driven by a chemical activity gradient between the source and organism tissue. This should result in an equilibrium condition when the net flux is zero. The equilibrium partitioning (EqP) approach has been used as a mechanism to develop relationships between sediment concentrations and organism response [6, 7] . The theory suggests that bioaccumulation of highly hydrophobic, nonionic organic chemicals in sediments is a simple partitioning process between sediment organic carbon (OC) and animal lipid. The theoretical partitioning ratio between sediment carbon and animallipid-normalized chemical concentrations (biota sediment accumulation factor [BSAFD of 1.72 has been proposed based on sediment partitioning behavior and fish bioconcentration * To whom correspondence may be addressed (peter.landrum@noaa.gov).
Bioavailability
Tenax factor (BCF) data [8] . The EqP certainly reduces the variability in some data sets, but significant unexplained variation remains [3, 9] . In addition to normal experimental error, this variability may arise from the heterogeneous nature of sediment OC [10, 11] and from variations in animal lipid composition [12] , which lead to capacity differences with variations in composition. In addition, animal behavior can modify the exposure conditions. For example, ingestion of sediment and exposure to gut fluids may increase the bioavailable fraction by increasing the fugacity capacity of a chemical during transit through the gut [13] , or tube-building deposit feeders may be exposed mainly to overlying water because of ventilation behavior [14] . Many studies have reported desorption of organic contaminants from sediments or soils. The desorption is generally partitioned into two or three compartments, with rate constants that demonstrate increasing resistance to desorption among compartments [15] [16] [17] . Therefore, desorption is kinetically limited and can be rate-determining for bioavailability. Only a fraction of sediment and soil-associated contaminants is probably bioavailable, and this fraction is related to a fastdesorbing fraction of contaminants [4, [18] [19] [20] . Thus, the contribution from the more slowly desorbing fractions of chemical to pore water and to the bioavailable fraction is probably small [21, 22] , assuming that bioavailable chemicals must be dissolved in the water phase before accumulation. Desorption has been shown to be a rate-limiting factor in sediment and soil biodegradation studies as well [23] , and the fast-desorbing fraction most likely contributes most of the biodegradable chemical [22] .
Water is the exchange medium in bioaccumulation (irre-spective of exposure route), and the hydrophobicity of many important contaminants keeps the pore-water concentrations low. Many studies have shown that accumulation from pore water dominates the route of uptake even for moderately hydrophobic contaminants [5] . If no desorption occurred, organisms would need to be exposed to unrealistically large porewater volumes to reach observed steady-state concentrations [5, 24] . Therefore, replenishment of pore water by desorption is required. Stagnant bed sediments and soils are made of particle aggregates and pores of different sizes where advection of water is limited. In these circumstances, molecular diffusion plays an important role, unless groundwater flow is significant. Diffusion in water is relatively fast for 3,4,3' ,4'-tetrachlorobiphenyl (TCBP; based on equations in Schwarzenbach et al. [25] , I mm in 16 min), but tortuosity and composition may considerably affect diffusion rates in sediment [26] . Bulk sediment diffusion limitations may affect replenishment if pore water and the rapidly desorbing fraction become depleted in close proximity to an animal. Moreover, desorption and diffusion are normally studied in well-mixed batch systems with maximal rates and short diffusion pathways.
The purpose of the present study was to investigate how well desorption estimates obtained in fully mixed systems predict the bioavailability of a highly hydrophobic contaminant in benthic invertebrates in undisturbed sediment exposure conditions. Parameters characterizing desorption were obtained by mixing Tenax@-TAresin (Scientific Instrument Services, Ringoes, NJ, USA) in a sediment-water suspension. Bioavailability was assessed by comparing the partitioning ratios of a TCBP between benthic invertebrates and sediment in a range of exposure concentrations with the desorption measurements.
MA TERIALS AND METHODS

Chemicals
The [14C]TCBP (specific activity, 12.5 mCi mmol-I) was purchased from Sigma Chemical (St. Louis, MO, USA). The TCBP was selected as a representative of one of the more toxic coplanar polychlorinated biphenyl (PCB) congeners. The unlabeled chemical was purchased from Chern Services (West Chester, PA, USA). The stock solutions were made in acetone with 9 fLCi of 14Ccompound and the appropriate amount of nonradiolabeled [lzC]TCBP. New specific activities were calculated from the amount of [14C]TCBP and [lzC]TCBP added and the total amount of activity that was determined from liquid scintillation counting (LSC). All samples were counted on a Packard Tri Carb model TR 2500 scintillation counter (Avondale, PA, USA) and corrected for quench using the external standards ratio method after subtracting background. Sediment was collected from the Dicks Creek watershed (Middletown, OH, USA). The collection site is located in the main branch of Dick's Creek, 40 m east from the confluence of the main and north branches at the intersection of Briel and Oxford state roads, Middletown (OH, USA; 39.4729°N, 84.3514°W). The sediments were sieved through I-mm mesh in the field to remove large debris and shipped to the Great Lakes Environmental Research Laboratory. The sediments were stored in a cold room at 4°C until used. The sediment had low concentration of PCB congeners (3.2 :!::0. 4 [SD] ng g-I dry wt, n = 3; P.R Landrum, unpublished data) and low total OC content (0.29% dry wt, n = 2). The sediment from Dick's Creek was used because the present study is part of a larger investigation intended to explore the effects of PCB contamination on benthic invertebrates.
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The sediment was dosed with TCBP to yield nominal concentrations of 2, 8, 20, and 30 fLgg-I dry weight using a slight modification of the rolling jar method [27] by adding 5 g of sand before evaporating the solvent. The addition of the sand creates additional surface area to insure improved mixing of the contaminant into the sediment. Two separate concentrations of 8 fLg g-I were created: 8(A) and 8(B). The stocks solutions were added to I-gallon jars. With the sand, the solvent was evaporated, and 2,400 ml (1.837 g ml-I dry wt) of wet sediment were added. The sediments were rolled at room temperature for 4 h, stored overnight at 4°C, and then rolled for an additional 4 h at room temperature. Control sediment received only acetone solvent along with the 5 g of sand. The sediments were subsequently stored for 60 d at 4°C for TCBP equilibration. The particle size distribution of the sediments was determined by wet sieving through 420-, 105-, 63-, 37-, and 20-fLmmesh sieves, and the associated TCBP load in each fraction was determined by LSC. The LSC of sediments and sieved fractions was performed by placing 100 mg of wet sediment into scintillation cocktail, sonicating for 60 s, and allowing the cocktail to extract the sediment-associated TCBP for at least 24 h before counting. This method had been demonstrated previously to be as efficient as direct combustion [28] . The samples were counted as stated above.
Desorption
Desorption of TCBP from sediment particles was measured using Tenax-TA beads as an absorbent in sediment-water suspension as previously described [16] but with slight modification: 2.3 to 3.7 g of fresh sediment were mixed in 50-ml glass tubes with 48 ml of filtered (glass fiber, type AlE; Gelman Sciences, Ann Arbor, MI, USA) Huron River water and 0.2 g of Tenax resin. The HgClz (50 mg L-I) was added to the water to inhibit microbial activity. This concentration of HgClz effectively inhibits the microbial activity in water particle systems [29] . The Tenax resin was replaced II times in 44-d (22°C) and 46-d (10°C) experiments. The resin was extracted once with 5 ml of acetone and twice with 5 ml of hexane. Solvents were combined and evaporated to I ml, and 10 ml of scintillation cocktail (3a70B; RPI International, Mount Prospect, IL, USA) were added. At the end of the tests, the tubes were centrifuged (3,000 g), and water (5 ml) and sediment (100 mg fresh wt) samples were taken from each tube and analyzed for TCBP by LSC. The mass balance (89-97%) was determined by comparing the total amount of TCBP desorbed and remaining in sediment-water suspension to the initial amount in each sample based on measured concentrations in the sediment and the weight of sediment added.
The data were modeled using both biphasic [16] and triphasic [30] kinetic models assuming no significant readsorption (triphasic form presented):
Ss.oc(t)/Ss.oc(O)
= Frapid(e-kmPid") + Fslow(e-k"ow,,)
+ Fveryslow(e-k",,,slow")
In the models, Ss.oc(t) and Ss.oc(O)are the total amounts of sediment OC-sorbed TCBP at the start (0) and at time t (h). The F denotes the size fraction of TCBP in rapidly, slowly, and very slowly desorbing fractions at time zero, and k (h-I) is the corresponding rate constant. A biphasic model contains only rapidly and slowly desorbing fractions. We assume that all sorbing domains are independent and that desorption occurs simultaneously directly to the water phase. This allows the calculation of a total fraction that has been desorbed after a specific time.
The desorption models are not mechanistic; rather, they describe desorption in terms of pools of molecules that appear, within the limits of the measurement technique, to desorb in a similar time frame. Many very small pools with different binding sites likely exist, but the selection of the number of compartments (pools) in which to fractionate the desorption data is limited by the rate of desorption and the number of measurement points. Although both bi-and triphasic models were fit to data, only one (the best) model per treatment is reported. The choice was based on the coefficient of determination (COD) for overall fit and the coefficient of variation (CV) for fractions and rate constants.
Uptake by Tenax strips
Uptake of TCBP in the undisturbed sediment matrix at 22°C was measured by inserting Tenax strips into the sediment. The strips were kept in the same spot in a beaker and were regularly replaced with fresh strips during the 169-h test. The freely dissolved TCBP concentration in pore water is assumed to be depleted rapidly, and new TCBP molecules must desorb and diffuse to the strips. The model assumes no significant readsorption to the sediment. The mass of a Tenax strip in a beaker was approximately 45% of the total OC present in the wholesediment sample, which should offer enough absorption capacity for TCBP without significant desorption back to the water.
The strips were cut from Tenax membranes (diameter, 47 mm; thickness, 0.5 mm; Alltech Associates, Deerfield, IL, USA), and identical-size strips (one each of 3 X 10 and 3 x 20 mm) were used for each of two replicates. The strips were rinsed, blotted dry, placed into scintillation cocktail, and sonicated for 30 min in a water bath. The strips were counted by LSC after a settling period. The amount of TCBP absorbed at each exposure period was obtained, and a flux into Tenax was calculated (pmol g-I h-I). The data were modeled with a linearized form of a power function (log [pmol g-I h-'] = log a + b.log time [h]), where a and b are constants. Application of a desorption model, as used in the mixed system, was not appropriate, because the size of the contaminant source is unknown (it is an unknown fraction of the total mass in the beaker).
Bioavailability
Three species (Lumbriculus variegatus, Oligochaeta; Chironomus tentans, Insecta; and Hyalella azteca, Crustacea) were chosen for bioavailability assessment. Lumbriculus variegatus was exposed at two test temperatures, and duplicate beakers were sampled destructively for five time intervals over the lO-d exposure to facilitate kinetic bioaccumulation calculations. Chironomus tentans and H. azteca were exposed at 22°C and sampled only at the end of the lO-d exposure (in duplicate and in triplicate, respectively) to determine tissue residues. In addition, worms that had recently reproduced by budding were exposed in sediment for 72 h at 22°C to assess the bioavailability of the TCBP in the absence of feeding. Lumbriculus variegatus reproduces mainly by splitting into two parts and constructs new head and tail segments. The lack of head and tail segments prevents animals from ingesting sediment until a new head or tail has been generated [31] . Only posterior individuals without head segments were used. The present study with posterior segments was accompanied Environ. Toxieol. Chern. 22, 2003 2863 by examination of the accumulation of TCBP in Tenax strips (3 X 38 mm) to compare to the nonfeeding worms.
Organism exposures were performed in glass beakers (300 ml) with mesh windows. Approximately 70 ml (130 g fresh wt) of sediment and 200 ml of overlying culture water were used in beakers. Filled beakers were allowed to settle for 3 d before the start of the test. Seven worms (6-7 mg fresh wt each, or 3-4 mg fresh wt each in nonfeeders), 10 second-instar larvae of C. tentans, or 10 three-month-old amphipods were placed in each unit. Worms in treatment 8(B) and amphipods in all treatments were fed with I ml of Yeast-Cerophyll-Trout chow mixture [32] , and midges in all treatments were fed with 1.5 ml of ground Tetramin fish flakes (Tetra Sales, Blackburg, VA, USA) daily [32] . A water volume renewal was done following the method of Zumwalt et al. [33] , which kept oxygen saturation at acceptable levels (55-98%). Water chemistry was measured periodically and changed only slightly (pH, 8. The TCBP concentration in animal tissue was based on radiotracer analysis (described below). It was assumed that TCBP was not metabolized by the organisms. The sample schedule was 24, 48, 72, 167, and 238 h at 22°C and 12, 26, 76, 148, and 241 hat 100e. After being sieved from the sediments, the animals were purged for 6 h in clean culture water (except H. azteca), blotted dry, weighed, and placed into a scintillation vial with 1 ml of tissue solubilizer (Soluene 350; Packard Instruments, Meriden, CT, USA). Scintillation cocktail was added the next day, and samples were analyzed by LSC after at least a 24-h settling period. The samples were corrected for quench using the external standards ratio method after subtracting background. Concentrations were calculated from the new specific activities for each concentration, and concentrations in the worms were further normalized to lipid content (1.0 :!::0.3% fresh wt, n = 11). Lipids were analyzed from control worms using a gravimetric method with a chloroform:methanol:water (8:4:3, v:v:v) extraction [34] . No differences in lipid content were observed between the test temperatures or over the duration of the 10-d tests (KruskallWallis, p = 0.68). Thus, the average lipid concentration was applied for normalizing the worm TCBP concentrations.
The worm accumulation kinetics were calculated using a two compartment, first-order rate coefficient bioaccumulation model [35] : Analogous to solids, nonlinearity in animal data could reflect heterogeneous lipid pools, but it more likely reflects the heterogeneity in the desorption from sediment OC and animal behavior that modifies the relationship.
Statistics
Linear and nonlinear regressions were performed with Scientist@ (MicroMath Scientific Software, Salt Lake City, UT, USA) or with Systat@ 9.0 (SPSS, Chicago, IL, USA). Significance was set at p < 0.05.
RESULTS (3)
Desorption of TCBP from sediment
A triphasic model was judged to describe desorption better at 22°C, and a biphasic model was chosen at 10°C ( Fig. I and Table I ). At 22°C, the overall COD was better for a threecompartment model (0.996 :!::0.001), excluding the 30 !Lgg-I sediment, because desorption was quite variable between the replicates, than for the two-phase model (0.966 :!::0.046). The CVs based on the models were 6 :!::4% for the fractions and 16 :!::10% for the rate constants in the two-phase model and 14:!:: 8% for the fractions and 29 :!::13% for the rate constants for the three-phase model. Thus, at 22°C, a trade-off occurs between better description of the curve, as represented by the COD, and somewhat larger error estimates for the fractions and rate constants. The errors seemed to be reasonable for the three-compartment model, and with the larger COD, this was considered to be the better description of the desorption. At 10°C, the issue is much different. The COD for the two-phase model was 0.987 :!::0.008, and that for the three-phase model was 0.989 :!::0.009. Thus, the two models described the variation in the data essentially identically. However, when the errors in the fractions and the rate constants were examined, the error in the two-phase model was substantially better, with a CV of 4.5 :!::2.7% for the fractions and 11.3 :!::5.5% for the rate constants. For the three-phase model, the CVs were 32.4 :!::26.6% and 59.5 :!::51.9%, respectively. Thus, it was clear that at 10°C, the two-phase model was more appropriate for describing the desorption.
The fine «20 !Lm) particles sorbed most of the TCBP where the particle surface area to volume ratio is largest (Fig.  2) . The concentration in the fraction less than 20 !Lmat the highest TCBP load (30 !Lg g-I dry wt) was smaller than expected, and the distribution shifted toward midsize particles (Fig. 2) . This may indicate partial saturation of the finest particles or preferential binding between different sites. Simul- taneous with the change in distribution in the 30 jLgg-I treatment, the slowly desorbing fraction decreased and the very slowly desorbing fraction increased with increasing concentration at 22°C. The size of the rapidly desorbing fraction also decreased with decreasing temperature, except at the lowest concentration. At the lower temperature, the desorption rate constants decreased (Table 1 ) and the slow compartment exhibited rate constants that were similar to the very slow compartment at 22°C. Furthermore, this compartment was about the same size as the sum of the slow and very slow compartments at 22°C. The experiment at 10°C did not proceed for a sufficient time to ascertain whether a third compartment existed. These observations are contrary to the literature, in which it is more typical for resistant fractions to be larger at lower concentrations [36, 37] . The larger resistant fractions are explained as retarded intra particle diffusion, because the concentration inside the particle declines [38] . One explanation for the size of the resistant fraction is that the TCBP and sediment were not at equilibrium even after two months of contact time. Thus, diffusion of TCBP deeper into organic matter was more advanced at the higher TCBP concentrations because of a larger activity gradient between solute and sorbent.
Bioavailability
Bioaccumulation in worms was faster at the higher temperature. Steady-state tissue concentrations (99%) were reached within 3 to 4 d at 22°C but would have required 70 to 150 d at lDoC based on the kinetic constants ( Table 2) . Dividing the lipid-normalized TCBP tissue concentrations by the DC-normalized sediment concentrations yielded BSAF values that decreased with increasing sediment concentration (column 3 in Table 3 and column 2 in Table 4 ). This decrease was observed at both temperatures and across feeding behaviors with all species. Also, the uptake clearance constants (kJ (Table 2 ) declined with increasing TCBP concentration, indicating a decrease in bioavailability. Steady-state L. variegatus BSAF values (range, 0.16-0.76) were below theoretical partitioning values (1.6-1.7 [8, 39] ) and even below unity. Correcting the bioavailable sediment TCBP concentration to represent only the rapidly desorbing fraction as measured by Tenax extraction increases the BSAF values but does not make the values constant, although significant improvement is observed at lDoC (Table 3 , column 4). The rapidly desorbing fractions are too similar to each other to radically alter the , The k, is the uptake clearance coefficient (g organic carbon -I g Iipid-'
h), and ke is the elimination rate coefficient (h-'). ASE denotes asymptotic standard error.
b An average ke value calculated from the other treatments at 22°C
that was used to estimate k, for the 2 j.Lgg-I treatment.
relationship compared to that observed with the whole-sediment concentration. The rate constants in the slowly desorbing fractions at 22°C were similar in magnitude to the rate constants in the rapidly desorbing fraction at 10°C. Therefore, it 
10°C
'The sediment concentration in total organic carbon (Oe; C"oc), in the rapidly desorbing fraction in oe (C,.OC.Frnpid)' in the rapidly and slowly desorbing fractions in oe (C"OC.Frnpid + F"ow)' and in the total fraction when 99.9% of rapidly desorbing fraction in oe has been desorbed (C"OC.F99,9%) were used as estimates for the bioavailable pool. Both K and n denote the Freundlich constants calculated for each bioavailable fraction. ASE = asymptotic standard error; eV% = percentage coefficient of variation; SO = standard deviation. b The biota sediment accumulation factor and Freundlich constants are the same as in C"oc, because F "pid + F"ow equals F,oto' at 10°C. seemed justified to assume that some of the slowly desorbing fraction was also contributing to the bioavailable pool at 22°C. Using both the rapid and slow fractions to calculate BSAF values, however, did not improve the estimates (Table 3 , column 5). We assumed that all phases were independent and desorbing simultaneously. Therefore, the total TCBP fraction desorbed at a time point (45-87 h at 22°C and 219-287 h at lO°C) when 99.9% of the rapid fraction had been desorbed was calculated, and the corresponding fractions were used to calculate BSAF values (Table 3 , column 6). This approach also failed to improve the estimates relative to a constant theoretical value. Furthermore, use of the biphasic desorption model at 22°C (not reported, see above) would not have helped to explain differences in bioavailability, because after recalculating BSAF values using Frapid from the biphasic model, the BSAF estimates would still have ranged from 0.35 (20 and 30 f.Lgg-l dry wt treatments) to 1.19 (2 f.Lgg-l dry wt treatment). The capacity difference between sediment OC and animal lipid should not exist between the treatments if the values are only driven by partitioning behavior out of homogenous compartments, because the only changing variable in data sets is TCBP concentration. Therefore, steady-state lipid concentrations do not reflect thermodynamic equilibrium between lipid and Oc. Bioaccumulation isotherms (Fig. 3 and Table 3 ), calculated from the Freundlich equation applied to steady-state organism concentration estimates, show greater nonlinearity and greater capacity of the lipids to accumulate TCBP at 22°C.
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Uptake by Tenax strips
The uptake rate by the passive Tenax strips in whole sediment in a single location decreased rapidly with time ( (Fig. 4B) . However, the slope is very small (far below I), suggesting diffusion limits for the Tenax strips. Diffusion can limit the uptake rate, because the strips were exposed in an unmixed system. .
LL
Bioavailability of sediment-associated tetrachlorobiphenyl bioavailable fraction. A promising improvement regarding this dilemma is the observation that only a fraction of the total concentration in sediment or soil is probably responsible for the EqP between sediment-sorbed and pore water-dissolved chemical [4, 21] . Therefore, bioavailability estimates should be equal between our treatments if we assume that the OC-water partition coefficient (K,,,) does not change with chemical concentration in sediment and that the method to determine the fraction partitioning (bioavailable) in each treatment is reliable. Our bioavailability estimates (BSAF values) showed a systematic decrease with increasing sediment concentration.
Correcting sediment concentrations to the rapidly desorbing fraction to account for the likely fraction partitioning with pore water improved the L. variegatus BSAF estimates somewhat, bringing them closer to the theoretical 1.7 value, but did not make them equal ( Table 3) . The factors such as TCBP water solubility, animal behavior, and diffusive limitations in sediment may be involved in limiting bioavailability and are examined in the next sections.
Bioavailability and pore water-dissolved TCBP
Pyrene BSAF values in tubificid worms were reported to decrease with increasing sediment pyrene concentration [40] . Those authors suggest that one explanation could be that the water solubility of pyrene in pore water (or in gut fluids) may have been the limiting factor at the highest concentrations. Reaching the water solubility limit would create a limit for the chemical activity in the system and affect the uptake and steady-state tissue residues. Therefore, we need to explore the possibility that animals attain steady state with the freely dissolved concentration in pore water (EqP theory) that may not be in equilibrium with a chemical in sediment OC because of solubility limitations (i.e., the theoretical equilibrium concentration would exceed the water solubility concentration). It is difficult to test solubility limitations because of the difficulty in obtaining accurate estimates of the solubility for these sparingly soluble compounds. For TCBp, the solubility range at room temperature extends from 1.95 X 10-6 (measured) to 3.18 X 10-4 (calculated based on molecular structure) ILmol ml-I [41] . Three approaches were used to evaluate whether solubility limits affected the bioaccumulation. The first approach calculated the expected water concentration based on EqP using the measured concentrations of TCBP in the sediments (Table 5 ) and comparing the values to those in the literature for aqueous solubility. We observe that at about the 8 ILgg-I sediment concentration, the solubility limit would be reached based on measured values for TCBP solubility reported in Mackay et al. [41] . If the calculated concentrations reported in Mackay et al. [41] are included in the consideration, none of the calculated water concentrations in Table 5 would have exceeded the water solubility for TCBP. It is noteworthy that our pore-water estimates are dependent on the chosen Koc. For example, only the pore-water concentrations at the two highest concentrations at 22°C would exceed the lowest measured TCBP water solubility limit if 6.7 (instead of 6.2) is used as the log Koc.Both values are reasonable based on the reported range of log Kow [41] .
The second approach examined the lipid-normalized BCF determined from the estimated water solubility (pore-water concentrations in Table 5 ) and the steady-state organism concentration estimated from the kinetics (kjke'Cs.od ( Table 5 ).
Note that the tissue concentrations at 22°C were practically Environ. Toxicol. Chern. 22, 2003 2867 the same between the measured and kinetics-determined values (Table 5, columns 2 and 3) . However, at 10°C, the organisms did not achieve steady state during the exposures, so the kinetics estimates were used to calculate the BCR The calculated BCF values (Table 5) were within the range reported by Mackay et al. [41] for fish (1.5 X 106 to 1.7 X 105 assuming 1% w/w lipid content). The range of values is relatively small (a factor of 3) for the 10°C calculation but is almost a factor of 10 for the 22°C calculations, when the values might be expected to be constant. This argument suggests that water solubility is not limiting the bioaccumulation.
The third line of evidence to reject solubility limitations lies in the tissue concentrations observed for the various exposures. If solubility has limits and the respective chemical activity for bioaccumulation is represented by the pore-water concentration, then the concentrations in the organisms should not continue to increase with increasing sediment concentration. Rather, the tissue concentrations should level off, or at least tend to level off, above some sediment concentration, because the pore water would reach the solubility limit. This approach assumes that the sediment acts like an infinite source and that the supply of a chemical to the pore water is not limited within its solubility limit. A direct linear relationship (r = 0.86, n = 10) was found between the tissue concentration and the sediment concentration, with no evidence that the tissue concentrations at the higher exposure concentrations were departing from the linear relationship. This supports the belief that the source of the TCBP was not limited by aqueous solubility.
Another mechanism to explain decreasing BSAF values could be disequilibrium between TCBP and sediment OC because of the short contact time (60 d). If this were the case, the partitioning between TCBP and sediment OC could be more advanced at the highest concentrations because of a larger activity gradient between the pore-water concentrations and sediment concentrations. This would lead to an increase in the Kocvalues with an increase in sediment concentration. Increasing, the Kocleads to two results: A reduced pore-water concentration relative to the total sediment concentration and a slower desorption rate reflective of the higher Koc. The pore water concentration was not measured, but the desorption rate (k,apid)did decline with increasing sediment concentration, which tends to support the hypothesis. A declining desorption rate and lower relative pore-water concentration would then lead to a reduced bioavailable pool (BSAF values) with increasing TCBP concentrations in sediment.
The possible effect of disequilibrium between the TCBP and sediment OC on bioavailability can also be evaluated using a simple calculation. The amount of TCBP in the total animal mass within a beaker at steady state (0.58 ILg) was 8-to 26-fold larger than the theoretical maximum amount of freely dissolved TCBP (0.02-0.07 ILg) in pore water in the 30 ILg g-I dry weight treatment at 22°C. Even in the 8(A) treatment, the amount of TCBP was 6-to 20-fold larger in animals. The amount of TCBP in pore water is based on the measured range of TCBP water solubility as reported by Mackay et al. [41] (0.00057-0.0018 mg L-I), and the total volume of pore water in the experimental system was based on the amount of sediment added and calculated from the dry weight to wet weight ratio of sediment. This simple calculation suggests that the desorbing chemical is the main source for the animals and that the possible disequilibrium between the solute and sorbent should have been accounted for by the Tenax extraction, be- Table 5 . Concentrations in tissue (ILmol g-I lipid) at steady state determined from the toxicokinetics, measured at the end of tests, pore water (ILmol ml-I) calculated from equilibrium partitioning theory (log Kocof 6.2 as reported by Mackay et al. [41] ), and bioconcentration factor on a lipid-normalized basis (BCFL) 22°C
10°C
'OC = organic carbon. bn = 2.
cause desorbing fractions should determine pore-water concentrations and bioavailability. Thus, the rapidly and slowly desorbing fractions should have decreased with the increasing TCBP concentration. Although this was indeed the case, the decrease was not large enough to explain the decreasing BSAF values (Table 3) . Therefore, disequilibrium cannot be the only reason for decreasing bioavailability. From the discussion above, no clear support is found for the idea that the TCBP water solubility limit was reached at any of the sediment concentrations. Many other factors are involved in bioaccumulation, and it is difficult to judge their significance. For example, the digestive enzymes may affect the bioavailable fraction; therefore, the effect of water solubility through the passive diffusion would be diminished. Thus, a simple partitioning model does not explain the decreasing trend in BSAF values with increasing sediment TCBP load, and it is useful to consider other possible confounding factors on the bioaccumulation.
Bioavailability and animal behavior
Replenishment of the freely dissolved chemical in pore water by desorption is an important factor affecting the bioaccumulation of very hydrophobic contaminants. The desorption rate constant determines the release of a chemical from solids; thus, the flux can be calculated knowing the concentration. Although fluxes calculated for the Tenax extractions clearly may not equal fluxes in undisturbed sediment exposures, the proportional differences between the treatment concentrations may be the same in both mixed and unmixed conditions. Plotting the flux into worms (ks'TCBP concentration in the rapidly desorbing fraction) against the flux out from rapidly desorbing fraction in sediment (Fig. 5) shows a positive trend at 22°C, supporting the significant impact of desorption on bioavailability. The lack of a correlation at WOC may indicate a behavioral influence of animals on the flux into worms. The sediment-ingestion activity of worms was measured both as the fecal pellet egestion rate and as the burial rate of a I37Cs layer in a separate experiment using a portion of the same sediment. Ingestion activity decreased with increasing sediment concentration in both approaches (P.F.Landrum, unpublished data). Also, biological diffusion rate, as a measure of general activity, decreased with increasing TCBP concentration, especially at WOC (P.F. Landrum, unpublished data).
Thus, less active animals in the highest sediment TCBP concentrations would be exposed to less pore water and ingest less TCBP-contaminated sediment, as was also observed by Millward et al. [40] for pyrene-contaminated sediments. This could explain why the relationship between the flux into L. variegatus and the flux out of the sediment measured by the Tenax extraction is not linear at 22°C. The animals were clearly less active at WoC; that may explain why the flux out from the sediment did not correlate with the flux into worms. At lower temperatures, the worms were slower to begin feeding, and the reworking behavior (including the feeding rate) was also lower, indicating more limited contact with the sediment. Other factors, such as diffusion through particle aggregates to reach passive animals, which would also be slower at lower temperatures, may play a larger role than the desorption rate on the uptake process. Animal behavior partially explains the lower BSAF values with increasing treatment concentration. However, the decreasing trend in availability was also observed in passive strips, which do not depend on organism activity. Furthermore, the decreasing trend in availability with sediment concentration was measured for the conveyor-belt, head-down deposit feeder (L. variegatus) when both feeding and not feeding; for the tube-building, surface-deposit feeder (c. tentans); and for the epibenthic amphipod (H. azteca). Thus, the decreasing trend in tissue residues was measured for the animals having very different sediment-foraging strategies. Therefore, animal behavior is unlikely to be the sole reason for the observed partitioning between animal lipids and sediment Oc.
TCBP availability in the Tenax strips
Estimates of the TCBP flux obtained from the mixed system correlates with the uptake by passive Tenax strips in the undisturbed system (Fig. 4B) . The instantaneous uptake in the undisturbed system by the Tenax strips were approximately 500-to 600-fold lower than the flux from sediment in the mixed system. The amount of TCBP sorbed by the Tenax strips in 6 h was 1,000-fold lower than that by the Tenax beads in a mixed system in 5 h when normalized to mass of Tenax and total amount of TCBP in systems for the 2 j.Lgg-I dry weight treatment. Although the mass of Tenax relative to OC was 66-fold greater in a mixed system, these calculations indicate much lower apparent uptake efficiency for the strips in an undisturbed system. The migration of TCBP through the particle aggregates [42] to reach passive strips probably has a major role in this inefficient uptake. It is plausible to assume that this slow migration, as well as the diffusion in water, also affects the bioaccumulation.
Bioavailability and desorption kinetics
Slow kinetics between water and sediment has been recognized as one factor affecting chemical partitioning behavior and bioavailability [5, 39] , and evidence has been presented that the very slowly desorbing or nonreversible fraction may not be bioavailable [4, 20] . One conceivable reason for our results is that the availability of TCBP in an unmixed exposure system is more seriously mass transfer limited than is estimated by the Tenax extraction in a mixed system. Remaining particle aggregates in sediment-water suspension are smaller; thus, diffusive pathways are shorter in Tenax extraction compared to an unmixed sediment system. Therefore, animals may attain steady state that does not reflect the exact desorbing fractions in a mixed system, and the actual bioavailable fractions are smaller because of more severe desorption and diffusion limitations in an unmixed system. Kraaij et al. [4] reported that the tubificid BSAF values and the rapidly desorbing fractions are directly proportional to each other for several polycyclic aromatic hydrocarbons and PCBs. Their work seemed to contradict our observation; however, in several cases, BSAF values decreased less than the Frapid values after treating sediment with a 48-h Tenax extraction, suggesting that their general observation was not accurate for all cases. Certainly more experimental work will be required to sort out the role of the Environ. Toxicol. Chern. 22, 2003 2869 rapidly desorbing fraction relative to the bioaccumulation of contaminants in various organisms.
Bioavailability and the Freundlich equation
The Freundlich exponents (n) were not unity (Le., I) in our data, showing the deviation of bioavailability from the EqPpredicted uniform BSAF values across the treatment concentrations. The nonlinearity constant (n) was closer to unity at 10°C than at 22°C, indicating less deviation from the EqP approach. The composition of the sorbent (animal tissue) was equal among the temperature treatments, meaning that the relative change in processes governing the bioavailability (TCBP kinetics and animal behavior) was not consistent between the temperatures. This inconsistency may arise from temperaturerelated changes in lipid configurations or composition at the two different temperatures, because lipid composition and function are known to change with temperature [43, 44] . Furthermore, the differences in feeding behavior may well be affecting the observed results. The present study is a first attempt to apply the Freundlich equation to animal sediment partitioning data. It may be useful in characterizing the partitioning between animal tissues and different source matrixes by offering a means to model complex systems in a simple way.
CONCLUSION
Recent research has clearly indicated that desorption of the hydrophobic chemicals in sediment is kinetically limited and that the major fraction of the bioavailable pool in sediments is probably associated with the rapidly desorbing fraction [4, 20] . Our data present evidence that the rapidly and slowly desorbing fractions may not be exact estimates for the bioavailable pool in sediment. Also, the change in test temperature influenced the test outcome, demonstrating the complex interaction between animal behavior and desorption kinetics on bioavailability. Another possible, although less likely, phenomenon for explaining the data (i.e., decreasing BSAF values with increasing concentration in sediment) is the TCBP water solubility limit that would yield decreased chemical activity with increasing sediment concentration and, thus, limit the bioavailability.
The rapidly desorbing fraction in sediments and soils may prove to be an accurate predictor for bioavailability in the risk assessment process. However, for true understanding of the bioaccumulation of very hydrophobic contaminants, more studies are needed to distinguish the various influencing factors in bioaccumulation and their effect on test outcome.
